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Abstract 
Synthesis, import, assembly and turnover of the nuclearly encoded subunits of cytochrome-c oxidase were investigated in cultured 
human cells depleted of mitochondrial gene products by continuous inhibition of mitochondrial protein synthesis (OP- cells). 
Immunoprecipitation after pulse labeling demonstrated that the synthesis of the nuclear subunits was not preferentially inhibited, implying 
that there is no tight regulation in the synthesis of mitochondrial and nuclear subunits of mitochondrial enzyme complexes. Quantitative 
analysis of the mitochondrial membrane potential in OP- cells indicated that its magnitude was about 30% of that in control cells. This 
explains the normal import of the nuclearly encoded subunits of cytochrome-c oxidase and other nuclearly encoded mitochondrial 
proteins into the mitochondria that was found in OP- cells. The turnover rate of nuclear subunits of cytochrome-c oxidase, determined in 
pulse-chase experiments, showed a specific increase in OP- cells. Moreover, immunoblotting demonstrated that the steady-state levels of 
nuclear subunits of cytochrome-c oxidase were severely reduced in these cells, in contrast to those of the F, part of complex V. Native 
electrophoresis of mitochondrial enzyme complexes showed that assembly of the nuclear subunits of cytochrome-c oxidase did not occur 
in OP- cells, whereas the (:nuclear) subunits of F, were assembled. The increased turnover of the nuclear subunits of cytochrome-c 
oxidase in OP- cells is, therefore, most likely due to an increased susceptibility of unassembled subunits to intra-mitochondrial 
degradation. 
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1. Introduction 
Complex I (NADH debydrogenase), complex III (cyto- 
chrome bc,), complex IV (cytochrome-c oxidase) and 
complex V (F,F,-ATPase) are key enzymes of the oxida- 
tive phosphorylation system in mammalian cells. These 
complexes are localized in the inner mitochondrial mem- 
brane and consist of many different subunits, including the 
13 polypeptides encoded by mtDNA that are produced 
inside the mitochondria by a specific protein-synthesizing 
system [ll. The nuclearly encoded subunits of the com- 
plexes are synthesized in the cytoplasm and transported 
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into the mitochondria where processing to the mature form 
and assembly with the subunits of mitochondrial origin 
occur [1,2]. The import process requires a potential differ- 
ence over the mitochondrial inner membrane, which can be 
generated during the transport of electrons by the respira- 
tory chain [2]. 
As yet, knowledge is limited about the regulation of the 
formation of enzymes containing subunits of dual genetic 
origin. The effects of impaired expression of the mitochon- 
drial genome (as found for instance in a number of mito- 
chondrial diseases [3]) on the expression of nuclear genes 
for mitochondrial proteins are also still far from clear. 
Cultured human cells in which mitochondrial gene prod- 
ucts are absent (OP- cells) may serve as a model to 
address these questions. OP- cells can be obtained by 
prolonged inhibition of mitochondrial gene expression [4- 
71, using culture conditions that allow the continuous 
proliferation of cells devoid of the capacity for oxidative 
phosphorylation [8,9]. 
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We have shown before that a mitochondrial membrane 
potential is present in OP- cells despite the absence of a 
functional respiratory chain and that nuclearly encoded 
mitochondrial proteins, including the nuclear subunits of 
cytochrome-c oxidase, are present inside the mitochondria 
[4,6,7]. However, we and others did also observe that the 
steady-state concentrations of nuclear subunits of, e.g., 
cytochrome-c oxidase are severely reduced after prolonged 
inhibition of mitochondrial gene expression [4,8,10,11]. 
This could be (i) due to direct inhibition of the expression 
of the nuclear genes for these subunits via a kind of 
feed-back regulation, (ii) the consequence of impaired 
import of the subunits (for instance because of a limited 
magnitude of the mitochondrial membrane potential), or 
(iii) caused by enhanced degradation. In the present study 
we investigated these possibilities in detail and show that 
the reduced steady-state concentration of nuclear subunits 
of cytochrome-c oxidase is due to enhanced intra-mito- 
chondrial degradation when mitochondrial subunits are 
absent. 
2. Materials and methods 
2.1. Cell cultures 
The human leukemia cell line Molt-4 (growing as a 
suspension culture) was cultured in Dulbecco’s modified 
Eagle medium containing 1 mM pyruvate and supple- 
mented with 10% heat-inactivated fetal calf serum (FCS), 
at 37°C in a humidified atmosphere of 10% CO, in air 
[8,9]. Doxycycline, a specific inhibitor of mitochondrial 
protein synthesis, was added to a final concentration of 15 
pg per ml of culture medium as described before [12]. 
Molt-4 cells were cultured in the presence of doxycycline 
for more than 4 weeks to obtain cells that were devoid of 
mitochondrial gene products and the capacity for oxidative 
phosphorylation [7,9]. These cells are referred to as OP- 
cells. 
2.2. Metabolic labeling 
Control cells or OP- cells from exponentially growing 
cultures were collected by centrifugation and washed twice 
with phosphate-buffered saline (PBS). The pellet was re- 
suspended in methionine-free Dulbecco’s modified Eagle 
medium containing 1 mM pyruvate and supplemented with 
10% FCS. The cell concentration was determined using a 
counting chamber. Doxycycline (15 pg/ml) was added in 
a number of experiments with control cells and was always 
present in the case of OP- cells. After 1 h of culturing in a 
humidified atmosphere of 10% CO, in air, [35Slmethionine 
(specific activity > 960 Ci/mmol) was added to a final 
concentration of 20 &i per ml, at a cell density of 1 * lo6 
cells/ml. At various time points, cells were collected by 
centrifugation and resuspended in Dulbecco’s modified 
Eagle medium containing unlabeled methionine, 1 mM 
pyruvate and 10% FCS. The pulse-labeled cells were either 
washed twice with PBS and stored at -80°C or cultured 
further in the case of pulse-chase experiments. In a number 
of experiments, emetine was used to block cytoplasmic 
protein synthesis [13]; it was added to a final concentration 
of 100 pg/ml. In other experiments, dinitriphenol (DNP) 
was added to a final concentration of 1 mM to dissipate 
the mitochondrial membrane potential which impairs the 
import of nuclearly encoded mitochondrial proteins. Crude 
mitochondria were obtained by incubating 1 . lo6 cells for 
10 min at 4°C with 20 pg of digitonin/ml PBS [4-61. The 
samples were centrifuged for 1 min at 12000 X g in a 
microfuge to obtain a mitochondrial pellet. 
2.3. Immunoprecipitation and immunoblotting 
The volume of samples containing about 15 . lo6 cells 
was adjusted to 1 ml by the addition of PBS containing 1 
mg of bovine serum albumin/ml and 2.5 mM phenyl- 
methylsulphonyl fluoride. Lauryl maltoside (final concen- 
tration 1.5%) was added to solubilize the cells and to 
extract membrane proteins. The samples were left on ice 
for 30 min and then centrifuged for 1 min in a microfuge 
at 12000 X g. The supematants were used for immuno- 
precipitation or immunoblotting. 
Small parts of the supematants obtained after metabolic 
labeling were used to measure the total incorporation of 
radioactivity as trichloroacetic acid (TCA)-precipitable 
counts, the rest was used for immunoprecipitation by 
incubation overnight with antibodies coupled to protein 
A-Sepharose 4B beads as described before [8]. The im- 
munoprecipitates were eluted by incubating the beads in 
sample buffer (4% sodium dodecyl sulfate, 20% glycerol 
in 10 mM Tris-HCl (pH 6.8)) at 37°C for 2 h. After 
centrifugation, the eluates were loaded onto polyacryl- 
amide gels. Subsequently, electrophoresis was performed 
as described by SchHgger and Von Jagow [14]. The gels 
were dried under vacuum and labeled proteins were visual- 
ized by fluorography [15]. The autoradiographic signals of 
labeled proteins were quantified on gels using a Phos- 
phorImagerT M (Molecular Dynamics, Sunnyvale, CA, 
USA). Bovine cytochrome-c oxidase was used as a refer- 
ence to identify the subunits; this part of the gel was 
stained by silver [16]. 
In some experiments, enzyme complexes were dissoci- 
ated into their individual subunits by adding equal volumes 
of dissociation buffer (4% sodium dodecyl sulfate, 10 mM 
EDTA, 150 mM NaCl, 100 mM Tris-HCl (pH 7.4)) to cell 
lysates treated with lauryl maltoside. These samples were 
incubated for 2 h at 37°C diluted 20 times with dissocia- 
tion buffer without sodium dodecyl sulfate, and used for 
immunoprecipitation as described above. Native elec- 
trophoresis (see below) of the protein complexes in mito- 
chondria isolated by digitonin treatment showed that this 
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dissociation procedure resulted in the complete disappear- 
ance of assembled protein complexes. 
In other experiments, the pellets (mitochondrial frac- 
tions) and the supematants (cytosolic fractions) obtained as 
described above by digitonin treatment of the cells were 
used as starting material for immunoprecipitation. The 
pellets were resuspended in PBS containing 1 mg bovine 
serum albumin/ml and 2.5 mM phenylmethylsulphonyl 
fluoride and to the supernatants bovine serum albumin and 
phenylmethylsulphonyl fluoride were added to final con- 
centrations of 1 mg/ml and 2.5 mM, respectively. Lauryl 
maltoside (final concentration 1.5%) was added and the 
samples were left on ice for 30 min. After centrifugation 
for 1 min in a microfuge at 12000 X g, the resulting 
supernatants were used for immunoprecipitation as de- 
scribed above. 
Immunoblotting of supernatants from unlabeled cells 
was performed as described before [8], and immuno- 
reactive material was visualized by chemiluminescence 
(ECLT M, Amersham, EnI Iland), according to the instruc- 
tions of the manufacturer. 
2.4. Antisera 
Mammalian cytochrome c oxidase consists of 13 sub- 
units. The three largest, subunits I, II and III, are encoded 
by the mitochondrial genome, the remaining ten smaller 
subunits are nuclear gene products. These are referred to as 
subunits IV, Va, Vb, Via,. VIb, VIc, VIIa, VIIb, VIIc, and 
VIII, respectively, according to their electrophoretic mobil- 
ity [ 161. Primary polyclonal antisera against cytochrome-c 
oxidase from either bovine heart (antiserum b) or human 
muscle (antiserum h) were raised in rabbits. Both antisera 
recognize all the individual subunits on immunoblots, with 
the exception of subunit ‘VIII [8,17]. Moreover, both anti- 
serum b and antiserum h are able to precipitate the assem- 
bled enzyme complex from cell or tissue homogenates 
solubilized with lauryl maltoside: after immunoprecipita- 
tion and electrophoresis all the subunits, including subunit 
VIII, could be detected with conventional staining methods 
[8,16,18]. Some of the subunits (III, Via, VIb, VIIa and 
VIIb) are, however, under-represented in the immuno- 
precipitated enzyme. This is probably caused by their 
partial loss from the enzyme complex by distortions in the 
interactions between the subunits due to binding of the 
antiserum. A polyclonal antiserum against the F, part of 
F,F,-ATPase isolated from rat liver was kindly provided 
by Dr. S. KuZela, Cancer Research Institute, Bratislava, 
Slowakia. This antiserum recognizes almost all the individ- 
ual subunits of F, on immunoblots, but precipitates only 
the P-subunit of the complex [17,19]. A polyclonal anti- 
serum raised against human cathepsin D (a lysosomal 
enzyme) was a kind gift of Dr. J. Aerts, E.C. Slater 
Institute, University of Amsterdam, The Netherlands. This 
antiserum precipitates the precursor, intermediate and ma- 
ture forms of cathepsin D [20]. 
2.5. Two-dimensional electrophoresis 
Two-dimensional electrophoresis was performed using 
a modification (P. Klement et al., unpublished data) of the 
method described by Sctigger and Von Jagow [21]. This 
method allows analysis of the concentration and composi- 
tion of (mitochondrial) enzyme complexes without the 
necessity to isolate the complexes prior to electrophoresis 
by, for instance, immunoprecipitation. In the first dimen- 
sion, separation of the complexes under native conditions 
occurs according to molecular mass, and in the second 
dimension, where electrophoresis is performed under de- 
naturating conditions, the individual subunits of the com- 
plexes are resolved. Crude mitochondria, obtained by digi- 
tonin treatment of control cells or OP- cells as described 
above, were used as starting material for two-dimensional 
electrophoresis. The gels were stained either with silver 
[16], or used for immunoblotting as described by Schfgger 
and Von Jagow [21]. 
2.6. Fluorescence microscopy and flow cytometry 
Both control or OP- cells were incubated for 10 min in 
culture medium containing 1 pg of 3,3’-dipentyloxa- 
carbocyanine iodide (DiO) per 1 . lo6 cells. DiO is a 
cationic fluorescent dye that selectively accumulates into 
the mitochondria because of the mitochondrial membrane 
potential [22,23]. The cells were observed under an Olym- 
pus IMT-2 inverted microscope equipped with a vertical 
fluorescence illuminator unit. The green fluorescence of 
DiO was made visible using an IMTZDMB dichroic 
mirror. Fluorescence and light scatter of Molt-4 cells, 
incubated with DiO, were measured in a flow cytometer 
(30 H Cytofluorograf, Ortho Diagnostics Systems, West- 
wood, MA, USA) using an argon laser with an excitation 
wavelength of 488 nm. Fluorescence was measured at 540 
nm and analyzed as described before [22]. A minimum of 
10 . 10’ cells was analysed at a flow rate of 100 cells/s. 
DNP, in a final concentration of 1 mM was used to 
uncouple oxidative phosphorylation in order to dissipate 
the mitochondrial membrane potential. 
3. Results 
3.1. Immunoprecipitation of subunits of cytochrome-c oxi- 
dase 
Fig. 1 shows the results of immunoprecipitation of 
subunits of cytochrome-c oxidase from cultured Molt-4 
cells labeled with [35S]methionine, using either antiserum 
h (raised against cytochrome-c oxidase of human origin) or 
antiserum b (raised against cytochrome-c oxidase of bovine 
origin) under different conditions. Subunits I, II, IV and 
VI(c) were clearly visible after a short exposure of the film 
to the gels, regardless of the type of antiserum used (Fig. 
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1A). After longer exposure times (data not shown) the 
remaining subunits also became visible. These observa- 
tions are in line with the properties of both antisera as 
described in Section 2. However, we also noticed differ- 
ences between the two antisera. Firstly, precipitation with 
antiserum h always resulted in a higher ratio of subunit II 
to subunit IV than was the case when antiserum b was 
used (Fig. 1A). Secondly, after immunoprecipitation with 
antiserum b a second precipitation with antiserum h re- 
vealed mitochondrially encoded subunits that apparently 
were still present in supernatants after the first precipita- 
tion. In contrast, when antiserum h had been used in the 
first immunoprecipitation, a second precipitation with anti- 
serum b did not show any remaining cytochrome-c oxidase 
subunits (Fig. lA-C). Thirdly, when cytoplasmic protein 
synthesis was inhibited by emetine (Fig. 1B) antiserum h 
precipitated subunits I and II of cytochrome-c oxidase (and 
also cytochrome-b, the protein between subunits I and II) 
from the polypeptides synthesized by the mitochondria, but 
antiserum b did not immunoprecipitate any protein in 
significant amounts. Finally, when the proteins in the cell 
lysates were dissociated before immunoprecipitation, the 
nuclear subunits were precipitated by both antisera, but the 
mitochondrial subunits were only precipitated when anti- 
serum h had been used (Fig. 1C). Therefore, both antisera 
precipitated nuclear subunits of cytochrome-c oxidase, re- 
gardless of whether or not these were assembled into the 
holoenzyme, antiserum b precipitated the mitochondrial 
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Fig. 1. Immunoprecipitation of cytochrome-c oxidase subunits under 
different conditions. Molt-4 cells were labeled with [%]methionine for 
4.5 min. Cytochrome-c oxidase was immunoprecipitated (lanes 1, 3, 5, 7, 
9, 11) and the supernatant was used for a second precipitation (lanes 2, 4, 
6, 8, 10, 12). After electrophoresis, the precipitated proteins were made 
visible by fluorography. (A) control; (B) labeling in the presence of 
emetine; (C) dissociation of proteins before immunoprecipitation. Anti- 
serum 1, type of antiserum used for the first precipitation; antiserum 2, 
type of antiserum used for the second precipitation. hu, antiserum h, 
raised against human cytochrome-c oxidase; bo, antiserum b, raised 
against bovine cytochrome-c oxidase. Both antisera were raised against 
the respective holoenzymes. Fig. 1 is composed of photographs from 
films exposed to the same gel for various periods; the labeling intensities 
of a protein in different lanes therefore cannot be compared directly. 
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Fig. 2. Effect of inhibition of mitochondrial gene expression on the 
synthesis of nuclear subunits of cytochrome-c oxidase in control cells. 
Molt-4 cells were labeled with [35S]methionine for up to 4 h in the 
absence or the presence of doxycycline (DC), an inhibitor of mitochon- 
drial protein synthesis. Subunits of cytochrome-c oxidase were isolated 
by immunoprecipitation from cells solubilized with lauryl maltoside, 
using antiserum b. The same number of cells was used for each precipita- 
tion. COX, cytochrome-c oxidase. 
subunits only when these were part of the enzyme com- 
plex, and antiserum h precipitated also unassembled mito- 
chondrial subunits. 
3.2. Synthesis and turnover of subunits of cytochrome-c 
oxidase 
Fig. 2 shows the time course of the incorporation of 
[ 35 Slmethionine into subunits of cytochrome-c oxidase 
(precipitated with antiserum b) in Molt-4 cells cultured in 
the presence or absence of doxycycline. In control cells, 
the labeling intensities of nuclearly encoded subunits in- 
creased linearly in time for at least 4 h. Since antiserum b 
precipitated the subunits regardless of assembly in the 
holoenzyme, this indicated that the labeling intensity of 
these subunits was mainly a measure for their rate of 
translation during this period, rather than a measure for 
their steady-state concentrations or rate of assembly. The 
course of labeling of the mitochondrial subunits was clearly 
not linear. In view of the properties of antiserum b, the 
initial low intensity of labeling probably reflected a slow 
rate of assembly of newly synthesized mitochondrial sub- 
units. The results of the chase-experiments in control cells 
shown in Fig. 4 (see below) demonstrated that assembly of 
the mitochondrial subunits with the nuclear subunits is 
indeed very slow: using antiserum b for precipitation the 
intensities of labeled subunits I, II and III continued to 
increase during chase-periods of at least 10 h. 
Inhibition of mitochondrial protein synthesis by doxy- 
cycline, added at the beginning of the labeling period, 
resulted in an almost complete absence of labeled mito- 
chondrial subunits of cytochrome-c oxidase. The synthesis 
of the nuclearly encoded subunits of the enzyme was not 
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affected by the presence of doxycycline: the labeling inten- 
sity of the nuclear subunits was comparable to that in 
control cells (Fig. 2). Molt-4 cells devoid of mitochondrial 
gene products (OP- cells) also synthesized the nuclear 
subunits of cytochrome-c oxidase (Fig. 31, but the rate of 
synthesis was reduced about five-fold compared to the 
control cells. Moreover, the period during which synthesis 
of the nuclear subunits proceeded linearly was shorter than 
in control cells: it levelled off between 2 and 3 h of 
continuous labeling. This suggested that the turnover-rate 
of these subunits was higlher in OP- cells than in control 
cells. 
To investigate whether or not a possibly enhanced 
turnover (or decreased synthesis) was specific for subunits 
of cytochrome-c oxidase, ,their synthesis and turnover were 
compared with those of cathepsin D, a lysosomal enzyme. 
Fig. 4 shows that the rate of synthesis of the nuclear 
subunits of cytochrome-c oxidase and that of cathepsin D 
were reduced to the same extent in OP- cells. In addition, 
the rate of overall protein synthesis, measured as TCA-pre- 
cipitable counts in the lysates of OP- cells, was also about 
20% of that in control cells. The low rate of labeling of 
nuclearly encoded subunits of cytochrome-c oxidase in 
OP- cells was therefore not based on specific inhibition of 
their synthesis, but most likely related to the decreased 
growth rate of these cells: the population doubling time of 
OP- cells is also reduced fivefold [9]. However, despite 
the comparable relative rate of synthesis, the relative 
turnover rate of the nuclear cytochrome-c oxidase subunits 
was much faster than that of cathepsin. After a chase 
period of 21 h subunit IV and other subunits of cy- 
tochrome-c oxidase were still well detectable in control 
I 
II 
IV 
V 
VI 
Fig. 3. Synthesis of nuclear subunits of cytochrome-c oxidase in Molt-4 
cells devoid of oxidative phosphorylation and mitochondrial gene prod- 
ucts (OP- cells). OP- cells were obtained by culturing Molt-4 cells in 
the continuous presence of doxycycline. OP- cells and control cells were 
labeled with [35S]methionine for up to 3 h, control cells in the absence 
and OP- cells in the presence of doxycyline. Subunits of cytochrome-c 
oxidase were isolated from cells solubilized with lauryl maltoside, using 
antiserum h. The same number of cells was used in each precipitation 
from either control cells or OP- cells. COX, cytochrome-c oxidase. 
OP- CON OP- CON 
pulse(h) 0.5 1 1 1 0.5 1 1 1 1 1 
chaselhl - - 3 6 - - 3 6 21 21 
CClX subunit __ 
CATH form 
Fig. 4. Turnover of nuclear subunits of cytochrome-c oxidase in Molt-4 
cells devoid of oxidative phosphorylation and mitochondrial gene prod- 
ucts (OP- cells). For details, see legends to Fig. 3. OP- cells and 
control cells (CON) were labeled for 0.5 or 1 h, or chased for 3, 6 and 21 
h after a pulse of 1 h. Antiserum b was used for immunoprecipitation of 
subunits of cytochrome-c oxidase. Cathepsin D was precipitated from the 
same cell lysates from which subunits of cytochrome-c oxidase had been 
precipitated. The same number of cells was used for each immunoprecip- 
itation. The samples obtained afIer a chase period of 21 h were run on a 
different gel. COX, cytochrome-c oxidase (upper panel). CATH, cathep- 
sin D (lower panel). p, i, m: precursor, intermediate and mature forms of 
cathepsin D. 
cells, whereas in OP- cells only a degradation product of 
subunit IV (the band between subunit IV and subunit V 
[16]) was left. In contrast, after a chase of 21 h the ratio of 
the intensities of labeled mature cathepsin D between 
control and OP- cells was comparable to that observed 
after chase periods of 3 or 6 h (Fig. 4). 
3.3. Import into mitochondria in OP- cells 
The subunits of cytochrome-c oxidase that were de- 
tectable after metabolic labeling or blotting (see, e.g., Fig. 
8) of OP- cells were always of the mature size. Since 
processing of the precursor forms of nuclear subunits takes 
place inside the mitochondria, import was apparently not 
affected. Nonetheless, the kinetics of mitochondrial import 
might differ between control cells and OP- cells, because 
the latter cells are not capable of generating a mitochon- 
drial membrane potential via the activity of the respiratory 
chain. Detailed studies of the kinetics of import of precur- 
sor forms of nuclear subunits of cytochrome-c oxidase 
were, however, not possible. Even at pulse times of about 
1 min at 25”C, precursor forms were not observed either in 
control cells or in OP- cells. 
Immunoprecipitation with antiserum b after labeling of 
control cells in the presence of DNP to impair the import 
of precursor forms into the mitochondria, revealed the 
presence of low amounts of a protein with an apparent 
molecular mass of 19 kDa (Fig. 5, lane 4). Since the 
molecular mass of the precursor form of subunit IV is 
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Fig. 5. Synthesis of nuclear subunits of cytochrome-c oxidase in the 
presence of DNP. Control Molt-4 cells were labeled with [35S]methionine 
for 10 min, in the presence (lanes 4, 5, 6) or the absence (lanes 1, 2, 3, 7) 
of 1 mM DNP. The cells were solubilized with lauryl maltoside (lanes 1, 
4, 7) or treated with digitonin to obtain a mitochondrial (lanes 3, 6) and a 
cytosolic (lanes 2, 5) fraction which were subsequently treated with lauryl 
maltoside. Subunits of cytochrome-c oxidase were isolated by immuno- 
precipitation with antiserum b. Lane 7 shows the results of pulse-labeling 
for 10 min, followed by a chase period of 20 min. The same number of 
cells was used for immunoprecipitation from lysates of cells labeled in 
the presence or in the absence of DNP, but in lane 7 a twofold higher cell 
number was used. Mitochondrial or cytosolic fractions were isolated from 
the same number of cells as were used for the preparation of the lysates 
from corresponding whole cells. MW, labeled low molecular mass mark- 
ers. 
about 19 kDa, this protein probably represented the unim- 
ported, unprocessed form of subunit IV. This was sup- 
ported by the observation that this protein was only de- 
tectable in the cytosolic fraction, whereas the mature form 
of subunit IV (apparent molecular mass 17 kDa) was 
exclusively present in the mitochondrial fraction. (Fig. 5, 
compare lanes 5 and 6). Also a few other proteins with 
apparent molecular masses that differed from those of 
mature nuclear subunits of cytochrome-c oxidase were 
precipitated from the cytosolic fractions obtained by digi- 
tonin treatment of cells labeled in the presence of DNP. 
These proteins might represent precursor forms of, for 
instance, subunits V or VI. Therefore, antiserum b is able 
to precipitate precursor forms of the nuclear subunits of 
cytochrome-c oxidase, and the resolution of the gels is 
high enough to detect these. This implies that the unde- 
tectability of precursor forms of nuclear subunits of cy- 
tochrome-c oxidase in both control and OP- cells in the 
absence of DNP should be ascribed to the very low levels 
of these precursors under normal conditions. 
Fig. 5 shows also that the total amount of the precursor 
and mature forms of subunit IV was significantly reduced 
in the presence of DNP (compare lanes 1 and 4). DNP 
treatment decreased the overall rate of protein synthesis 
about two-fold, but the sum of the labeling intensities of 
the precursor and the mature form of subunit IV was less 
than 5% of the labeling intensity of mature subunit IV in 
control cells. This suggests that the unimported form of 
subunit IV is either rapidly degraded or hardly produced 
when import is hampered. 
Fig. 6 shows the results of measurements of the mem- 
brane potential in control cells and OP- cells using flow 
cytometry of cells stained with DiO. The fluorescence 
signal from the OP- cells was clearly less than that of 
control cells. The signals obtained when the cells were 
incubated with DiO in the presence of DNP represented 
the respective background values: under these conditions 
no mitochondria-specific staining was seen microscopi- 
cally. Due to their smaller size [7,9], OP- cells also 
displayed a lower DiO signal in the presence of DNP. The 
magnitude of the mitochondrial membrane potential in 
OP- cells could be compared to that of control cells by 
calculating the difference of the respective DiO signals in 
the presence or the absence of DNP, and it proved to be 
about 30% of that in control cells. 
3.4. Composition of mitochondrial enzyme complexes 
The upper panel of Fig. 7 shows the results of tsvo-di- 
mensional electrophoresis of mitochondrial enzyme com- 
plexes from control Molt-4 cells. The complexes could be 
easily identified because of the mobility in the first dimen- 
sion and the characteristic electrophoretic pattern of the 
subunits in the second dimension [21]. In addition, we 
confirmed the position of F,F,-ATPase and cytochrome-c 
oxidase by immunoblotting of the first-dimension and 
second-dimension gels; immunoreactivity was found only 
in the area where the assembled enzymes were expected 
according to their respective molecular masses. The prop- 
erties of the enzyme complexes from cells in which mito- 
chondrial gene expression was blocked were studied in 
cells cultured during two cell-generation times in the pres- 
ence of doxycycline. Under these conditions the cellular 
content of enzyme complexes that contain subunits en- 
coded by mitochondrial genes will be diluted, since cell 
proliferation continues during inhibition of mitochondrial 
protein synthesis [8]. This is reflected in a decreasing 
activity of these enzymes, whereas the activity of other 
mitochondrial enzymes, either measured in cell lysates or 
in mitochondria isolated by digitonin treatment, is not 
affected [4-7,9]. The lower panel of Fig. 7 shows that 
essentially the same was observed when the concentration 
of the various mitochondrial proteins was analyzed by 
two-dimensional electrophoresis. F,F,,-ATPase (complex 
V), bc, complex (complex III) and cytochrome-c oxidase 
(complex IV) were present in reduced concentrations in 
cells treated with doxycycline, but the concentration of, for 
instance, complex II was comparable to that in control 
cells. However, the cells treated with doxycycline also 
contained a few complexes that were, as judged by their 
molecular masses, not present in control cells. These com- 
plexes might represent enzyme complexes that were par- 
tially assembled because of the lack of mitochondrially 
encoded subunits. One of these complexes contained sub- 
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units with the same mobility as the (nuclear) subunits of 
F,-ATPase. The molecular mass of this complex was about 
350 kDa and it showed immunoreactivity with the anti- 
serum against F,-ATPase. Therefore, this complex repre- 
sents the F, part of complex V. A complex containing (a 
number of) nuclear subunits of cytochrome-c oxidase could 
not be detected by silverstaining or immunoblotting, also 
not when the composition of the gel in the first dimension 
was changed in a way that would have allowed detection 
of complexes with molecular masses as low as 50 kDa. 
3.5. Steady-state concentrations of nuclear subunits of 
cytochrome-c oxidase 
Fig. 8 shows the steady-state concentrations of subunits 
of cytochrome-c oxidase and of F,-ATPase in lysates of 
OP- cells and control cells. Mitochondrially encoded sub- 
units were not present in OP- cells, as would be expected. 
The concentration of the nuclear subunits of cytochrome-c 
oxidase that could be detected in the lysates was severely 
reduced, but the concentration of nuclear subunits of the F, 
part of complex V was nearly normal. 
4. Discussion 
We investigated the expression of nuclearly encoded 
subunits of cytochrome-c oxidase in cultured human cells 
devoid of mitochondrial gene products. These products 
include the three largest subunits of cytochrome-c oxidase 
that are encoded by mtDNA. For this type of research 
specific antisera were required. In view of this, the proper- 
OP- 
Fig. 6. Measurement of the mitochondrial membrane potential in OP- cells by flow cytometry. OP- cells and control cells (CON) were incubated for 10 
min with DiO, a fluorescent dye that accumulates inside the mitochondria when a potential difference (inside negative) is present over the inner membrane. 
The green fluorescence (gfl) is plotted against the number of cells analyzed (counts). Both parameters are expressed as arbitrary units. CON, control cells 
(upper panel); OP-, OP- cells. (lower panel). Dotted lines, - DNP; drawn lines, + 1 mM DNP. 
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Fig. 7. Composition of mitochondrial enzyme complexes in cells treated 
with doxycycline. Mitochondria obtained by digitonin treatment of 10. lo6 
control Molt-4 cells (CON, upper panel) and of 10. lo6 Molt-4 cells 
cultured for 3 days in the presence of doxycycline (DC; lower panel) 
were used as starting material for 2D-electrophoresis. The gels were 
stained by silver. Under the experimental conditions used, complex I is 
poorly visible. II, III, IV, V: complexes II (130 kDa), III (dimer, 500 
kDa), IV (200 kDa) and V (600 kDa). V *, F, part of complex V (350 
kDa). ?, unidentified complexes. 
ties of two different antisera that were raised against the 
entire enzyme, of either bovine (antiserum b) or human 
(antiserum h) origin, were analyzed in detail using pulse- 
labeled cells. Both antisera precipitated labeled nuclear 
subunit 1 2 3 1 2 3 1 2 3 1 2 3 subun 
cox 1 ATPase 
Fig. 8. Steady-state concentrations of cytochrome-c oxidase subunits in 
OP- cells. Lysates from OP- cells and control Molt-4 cells (CON) were 
blotted on nitrocellulose after electrophoresis. The blots were probed with 
antiserum h, raised against human cytochrome-c oxidase (COX), or with 
an antiserum against F, ATPase using chemiluminescence as detection 
method. 1, 2, 3: lysates from 0.5, 1 and 2. lo6 cells, respectively. a, b, c, 
d: F, ATF’ase subunits a, p, y, and S, respectively. 
subunits of cytochrome-c oxidase in control cells, regard- 
less of assembly in the holoenzyme or not (Fig. 1). 
The situation differed for the mitochondrial subunits: 
both antisera precipitated these subunits when they were 
present in the assembled form, but only antiserum h was 
able to precipitate unassembled mitochondrial subunits of 
cytochrome-c oxidase. The properties of antiserum b al- 
lowed interesting conclusions. Since mitochondrial sub- 
units immunoprecipitated by antiserum b were exclusively 
derived from the assembled complex, these must have 
been precipitated via interactions of antiserum b with 
nuclear subunits in the complex. Because antiserum b did 
not precipitate any protein in significant amounts when 
cytoplasmic protein synthesis was inhibited, assembly of 
newly synthesized mitochondrial subunits of cytochrome-c 
oxidase with pre-existing unlabeled nuclear subunits is 
unlikely. Therefore, cultured cells do not contain a signifi- 
cant pool of nuclear subunits of cytochrome-c oxidase 
and/or of nuclearly encoded factors that are involved in 
assembly of the enzyme. However, the experiments in 
which antiserum b was used to follow the assembly of the 
mitochondrial subunits suggested the presence of a pool of 
mitochondrially encoded subunits. Given the slow rate of 
assembly (Fig. 4) this pool has to be rather large. 
The results presented in Figs. 2, 3 and 4 demonstrate 
that doxycycline selectively impaired mitochondrial pro- 
tein synthesis as would be expected, but also that it never 
inhibited the synthesis of nuclear subunits of cytochrome-c 
oxidase specifically. One of our previous studies showed 
that the concentration of the nuclear subunits of cy- 
tochrome-c oxidase was reduced in cells cultured in the 
presence of doxycycline, provided that expression of the 
mitochondrial genome was inhibited for more than one 
cell-generation time [8]. The present study offers a clue for 
the explanation of this lag period: the turnover of nuclear 
subunits of cytochrome-c oxidase is enhanced once 
unassembled mitochondrial subunits are no longer avail- 
able, i.e. when the (large) pool of unassembled mitochon- 
drial subunits is exhausted. 
A pool of mitochondrial subunits may explain contra- 
dictory observations regarding the concentration of nuclear 
subunits of cytochrome-c oxidase in tissues or cells of 
patients with defects in the expression of the mitochondrial 
genome as described in the literature. Some authors ob- 
serve a decrease in the concentration of the nuclear sub- 
units in these patients [24,25], but others do not [26,27]. 
Our data predict that the concentration of mitochondrial 
subunits has to be reduced significantly (or, in other 
words, that the expression of the mitochondrial genes for 
cytochrome-c oxidase subunits has to be inhibited almost 
completely) before this will be reflected in a decreased 
concentration of the nuclear subunits of cytochrome-c 
oxidase. 
Two-dimensional electrophoresis of mitochondrial en- 
zymes from Molt-4 cells in which mitochondrial protein 
synthesis was inhibited for two cell-generation times re- 
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vealed that assembly of the F, part of complex V contin- 
ued in the absence of mitochondrial subunits that are part 
of the Fa-ATPase. The independent assembly of F, has 
also been demonstrated in a mutant Saccaromyces cere- 
visiae strain that lacked the mitochondrial subunits of the 
F,,-ATPase [28], and appears therefore to be a general 
phenomenon. A complex that possessed a molecular mass 
and immunoreactivity thalt would be expected for a com- 
plex consisting of nuc1ea.r subunits of cytochrome-c oxi- 
dase could not be identified. Immunoblotting experiments 
have shown before that the steady-state concentration of 
the P-subunit of F,-ATPase is hardly reduced in mam- 
malian cells when the expression of mitochondrial genes is 
inhibited during a few cell generations, in contrast to the 
concentration of nuclear subunits of cytochrome-c oxidase 
[11,29]. Fig. 8 shows that the same was true for cells that 
are entirely depleted of mitochondrial subunits. Unassem- 
bled nuclear subunits of mitochondrial enzyme complexes 
are apparently unstable: they are rapidly degraded. 
Recently, it was suggested that subunit IV of cy- 
tochrome-c oxidase is much more stable during (partial) 
inhibition of mitochondrial protein synthesis than the other 
nuclear subunits [lo]. The present results do not support 
the existence of such a difference in stability between 
individual nuclear subunits of cytochrome-c oxidase. This 
discrepancy might be explained by the high immuno- 
reactivity of subunit IV, which makes it difficult to quan- 
tify its concentration wh’en the amount of the other, less 
immunoreactive subunits is compared on the same blots. 
Alternatively, partial inhibition of mitochondrial gene ex- 
pression will not lead to complete depletion of mitochon- 
drial subunits, which could, as indicated above, protect one 
or more nuclear subunits from rapid degradation. 
The absence of a direct effect on the synthesis of 
nuclearly encoded subunits of cytochrome-c oxidase as the 
result of complete inhibition of mitochondrial gene expres- 
sion in cultured cells reflects a general phenomenon. We 
have shown before that the activity of various mitochon- 
drial enzymes that do not contain subunits encoded by 
mtDNA is entirely normal in mammalian cells that are 
devoid of mitochondrial gene products [4-7,9]. Therefore, 
at least in cultured human cells, the expression of nuclear 
genes for mitochondrial proteins is not influenced when 
mitochondrial gene expression is inhibited. In contrast, in 
patients with defects in th.e capacity for oxidative phospho- 
rylation an increase in the number of mitochondria or in 
the activity of one or mlore nuclearly encoded mitochon- 
drial enzymes is frequently observed [17,25,26]. This is 
generally considered to reflect a mechanism by which the 
affected cells try to compensate for the loss of mitochon- 
drial function. If such a mechanism is triggered by a 
reduced capacity for oxidative phosphorylation, than it is 
unlikely that this mechanism would operate in OP- cells, 
since these cells can only be studied under conditions 
where they are not dependent on the capacity for oxidative 
phosphorylation [9]. Consequently, a compensatory mecha- 
nism might not become induced. Alternatively, such a 
mechanism might not be operating in cultured cells be- 
cause the primary signal requires, for instance, the nervous 
system for transduction. 
The lack of influence on the expression of nuclear 
genes for mitochondrial proteins when mitochondrial gene 
expression is inhibited in cultured human cells resembles 
the situation as described for yeast cells devoid of the 
capacity for oxidative phosphorylation (see Refs. [1,2] for 
reviews). Such yeast cells and OP- cells also have in 
common that there is a membrane potential over the inner 
mitochondrial membrane. The results obtained with flow 
cytometry showed that the magnitude of the mitochondrial 
membrane potential in OP- cells was about 30% of that in 
control cells. According to the present knowledge, this 
reduction will not hamper normal import [2]. Moreover, 
this indicates that secondary defects (based on impairment 
of mitochondrial import as the consequence of a reduced 
capacity for oxidative phosphorylation) in patients with 
mitochondrial diseases are highly unlikely. Attempts to 
characterize the import of nuclear subunits of cytochrome-c 
oxidase in intact cultured human cells in more detail were 
unsuccessful because the process was far too efficient, not 
only in control cells, but also in OP- cells. In most 
studies, import of externally added precursor proteins by 
isolated mitochondria is followed and the vast majority of 
these studies have been performed in lower eukaryotes [2]. 
Differences between higher and lower eukaryotic cells are 
not excluded, but most likely import proceeds less effi- 
ciently in reconstituted systems. For instance, it was re- 
cently reported that under normal conditions in vivo mito- 
chondrial import in yeast cells occurs also very rapidly, 
and it could not be distinguished from cotranslational 
import [30]. Our data indicate that in intact cultured human 
cells the precursors of nuclear subunits of cytochrome-c 
oxidase are hardly or not detectable even when import is 
impossible because of the presence of an uncoupler. This 
supports the conclusion, based on the data shown in Fig. 1, 
that a significant cytoplasmic pool of nuclear subunits of 
cytochrome-c oxidase is absent in cultured human cells, 
because of rapid degradation, because of rapid (co-transla- 
tional?) import, or both. 
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